Normal valve structures consist of stratified layers of specialized extracellular matrix (ECM) interspersed with valve interstitial cells (VICs) and surrounded by a monolayer of valve endothelial cells (VECs). VECs play essential roles in establishing the valve structures during embryonic development, and are important for maintaining life-long valve integrity and function. In contrast to a continuous endothelium over the surface of healthy valve leaflets, VEC disruption is commonly observed in malfunctioning valves and is associated with pathological processes that promote valve disease and dysfunction. Despite the clinical relevance, focused studies determining the contribution of VECs to development and disease processes are limited. The isolation of VECs from animal models would allow for cell-specific experimentation. VECs have been isolated from large animal adult models but due to their small population size, fragileness, and lack of specific markers, no reports of VEC isolations in embryos or adult small animal models have been reported. Here we describe a novel method that allows for the direct isolation of VECs from mice at embryonic and adult stages. Utilizing the Tie2-GFP reporter model that labels all endothelial cells with Green Fluorescent Protein (GFP), we have been successful in isolating GFP-positive (and negative) cells from the semilunar and atrioventricular valve regions using fluorescence activated cell sorting (FACS). Isolated GFP-positive VECs are enriched for endothelial markers, including CD31 and von Willebrand Factor (vWF), and retain endothelial cell expression when cultured; while, GFP-negative cells exhibit molecular profiles and cell shapes consistent with VIC phenotypes. The ability to isolate embryonic and adult murine VECs allows for previously unattainable molecular and functional studies to be carried out on a specific valve cell population, which will greatly improve our understanding of valve development and disease mechanisms.
Introduction
The mature valve is composed of three stratified layers of specialized extracellular matrix (ECM) interspersed with valve interstitial cells (VICs) and encapsulated by a single layer of heart valve endothelial cells (VECs) 1 . The role of the ECM is to provide all the necessary biomechanical properties to withstand constant changes in hemodynamic force during the cardiac cycle. Turnover of the valve ECM in the adult valve is tightly regulated by VICs that are largely quiescent and fibroblast-like in the absence of disease. In addition to the VIC population, heart valve endothelial cells (VECs) form an uninterrupted endothelium over the surface of the valve cusps 2 . While the importance of ECM and VICs for valve structure and function have been described by us and others, the role of VECs is less well known. However, this comparatively small cell population is critical for valve formation in the embryo and is described as dysfunctional in valve disease.
Heart valve formation in the embryo begins when a subset of endothelial cells within the atrioventricular canal and outflow tract regions undergo endothelial to mesenchymal transformation (EMT) and form swellings known as endocardial cushions 1, 3 . The newly transformed mesenchymal cells within these structures later differentiate into VICs and form the mature valves. Once EMT is complete, endothelial cells surrounding the cushions, termed VECs, form an uninterrupted endothelial cell layer that protects the mature valve against injury. In addition, VECs sense the hemodynamic environment and have been shown to molecularly communicate with underlying VICs to regulate ECM homeostasis 1, 3 . In diseased valves, the VEC monolayer is disrupted in association with abnormal changes in ECM organization and altered biomechanics 4, 5 . In addition, studies in mouse models suggest that VEC dysfunction is the underlying cause of valve disease 1, [6] [7] [8] [9] . As VECs play an important role in valve development, maintenance, and disease, it is important that we fully define their temporal phenotypes in order to advance the field and understand mechanisms of disease.
Previous work by several labs has successfully isolated VECs from porcine and ovine models [10] [11] [12] . Due to the large size of these valves, isolations through swabbing and/or enzymatic digestion, followed by a number of different isolation methods including magnetic bead cell separation and single cell clonal expansion has been effective to generate pure populations [11] [12] [13] . However, these models can be restrictive due to the incomplete annotation of the pig and sheep genomes limiting the availability of molecular tools in addition to the high costs. Therefore experimentation of porcine and ovine VECs after isolation can be restrictive. Mouse models are preferable due to the many possibilities for genetic manipulation and molecular tools in the embryo and adult, but to date, no VEC isolations in small animal models have been reported.
Dissection of the Valvular Region from Adult mice and E14.5 embryos
• All animal procedures were approved and performed in accordance with The Nationwide Children's Hospital Research Institute IACUC guidelines.
• Tie2-GFP mice were purchased from Jackson Laboratories (stock number 003658) 14 and were maintained as homozygous genotypes on an FVB/N background, and therefore ensuring that all off-spring express GFP in Tie2-positive endothelial cells.
• For FACS sorting, prepare one age matched negative sample that does not contain GFP such as C57/Bl6 to set GFP gate parameters for FACS sorting. NOTE: This protocol and representative results are based on using three, four-month-old adult mice or one litter at embryonic day (E) 14.5.
1. Adult Mice: Immediately following sacrifice by CO 2 anoxia, use dissection scissors to gently open the chest cavity and expose the heart and lungs. Once exposed, grip the heart with forceps at the great arteries and pull away from the body. Remove lung tissue if intact, and place hearts in cold HBSS to rinse. Remove the ventricle and pull away the atria leaving the atrioventricular canal 'ring' and aortic regions intact. Make one incision down the side of atrioventricular canal to open up the 'ring' and expose the valvular structures. Remove the myocardium and proximal aorta regions by gently teasing away with forceps. Identify the valve leaflets as white, dense tissue over the pink myocardium. Gently detach the chordae tendinae from the atrioventricular valves and remove as much of the remaining myocardium as possible. Be cautious to not pull or scrape the valve leaflets during this process since VECs may be dislodged. Place trimmed valvular regions in a 1.5 ml eppendorf tube containing 1 ml HBSS and keep on ice. NOTE: Careful dissection is critical to eliminate non-valvular endothelial cells that could contaminate the sample. 2. Embryos: Sacrifice female mice 14.0 days after copulation plug is observed (morning of copulation plug = 0.5 days).
1. Immediately following sacrifice, dissect the uterus (containing embryos) and wash in cold HBSS. Dissect out individual embryos from the uterus and remove the embryonic yolk sac surrounding each embryo. Remove the hearts from each of the embryos and follow step 2.1. (NOTE: gently squeezing the embryo with forceps just below the upper appendages should help to expose the heart and make removal easier.)
Cell Dissociation and Preparation for FACS
1. Using sterile pipette tips, remove HBSS from the eppendorf tube containing the valvular regions. 
Representative Results
Tie2-GFP cells co-localize with endothelial cell markers in the embryonic and adult heart valves.
In order to confirm the specificity of Tie2-GFP expression in VECs from embryonic and adult mice, immunofluorescence was performed to determine co-localization with the endothelial cell marker, CD31 in tissue sections prepared from E14.5 and 3 month old adult Tie2-GFP mice using methods previously published by our lab 16 . As shown in Figure 1 , VECs co-express GFP (Figure 1 A,B,E,F) and CD31 (Figure 1 C,D,E,F) at both adult (Figure 1 B,D,F ) and embryonic (Figure 1 A,C,E) stages, therefore validating our model for subsequent VEC isolation.
FACS analysis identified distinct GFP-positive and GFP-negative cell populations in embryonic and adult heart valves isolated from Tie2-GFP mice.
Wild type C57/Bl6 mice were used to set GFP parameters and approximately 2% of single-gated cells from Tie2-GFP mice show a significant enrichment in GFP-positive cells by FACS analysis in both embryonic and adult samples (Figure 2) . Based on co-localization studies shown in Figure 1 , these cells are considered VECs and yield an average of 61,800 total cells (samples range from 39,000-77,000 cells/sample) in adult samples (n = 3), and 8,928 cells (8,015-11,000 cells/litter) from one litter of E14.5 embryos.
PCR analysis confirms enrichment of endothelial cell markers in GFP-positive cells and valve interstitial cell markers in GFP-negative cells isolated from Tie2-GFP mice.
Gene expression analysis of GFP positive and negative cell populations by qPCR following FACS show distinct molecular profiles. Compared to GFP negative cell populations isolated from Tie2-GFP embryos and adults, GFP positive cells are enriched for expression of endothelial cell markers CD31 and vWF, (Figure 3) . Further, expression of myocyte markers (Myh6, Myh7) in these cell populations is very low, demonstrating minimal contamination of non-endothelial cells. In contrast, GFP negative cells isolated from adult Tie2-GFP mice and E14.5 embryos are enriched for valve interstitial cell (VIC) markers, α-sma and Periostin (POSTN) relative to GFP positive cells. Enrichment of these markers is 
Discussion
Here we describe for the first time, a novel method for the isolation of embryonic and adult murine VECs from Tie2-GFP mice. While this mouse line has been extensively used for the isolation of endothelial cell populations, this is the first report showing selective isolation of VECs. Due to the fragility of the VEC population, we have developed a stringent protocol that allows for single cell isolation of GFP positive (and GFP negative) cells from heart valves of embryonic and adult mice. Compared to the original publication using whole embryos or organs from Tie2-GFP mice 14 , we have optimized collagenase and dissection steps based on the low abundance of this fragile endothelial cell population to isolate a select population of cells.
VEC isolations have previously only been reported in large animal models with limited genetic and biomolecular tools. These tools are well established in mice and therefore, the ability to isolate murine VECs allows for an expanded set of experimental designs to be used for heart valve research. Therefore, a significant advantage of this approach is that VECs can be isolated temporally from wild type mice, and models of valve disease and injury. A second advantage is that VECs can be isolated and analyzed almost immediately after dissection, preserving expression patterns that reflect the in vivo situation more accurately. Further, this isolation protocol is sufficient to eliminate cell culture for number expansion and therefore potential phenotypic changes induced by the in vitro environment are prevented.
Despite the novelties and experimental benefits of this protocol, we recognize that limitations still exist. First, the size of the VEC population within murine valves is very small and therefore, multiple timed embryonic litters are needed in order to generate sufficient RNA for gene expression analysis. While this can be overcome using multiple breeders, it could have an impact on the application of some post-isolation analysis tools. This limitation has been a challenge particularly for establishing confluent cultures of GFP-positive VECs in order to perform more thorough analyses of VEC phenotypes including molecular profiles and functional assays. Therefore we acknowledge that not all difficulties have been overcome by our approach but this is an area of interest that we are striving to overcome.
This approach of isolating VECs from valvular regions introduces the possibility of contamination from Tie-GFP-positive, non-valvular endothelial cells of the endocardium, or vascular structures within the ventricular myocardium. To date, molecular distinction of VECs from other cardiac endothelial cell populations have not been identified. However an enhancer region of the Nfatc1 gene has been identified and shown to specifically label VECs that do not undergo EMT, and no other endothelial cell population within the heart 18 . As a Cre model (Nfatc1 enCre ) is available, future studies could utilize the specificity of this line to minimize contamination risks. In addition to non-valvular Tie2-GFP-positive cells, there is always the possibility of contamination from myocytes at the point where the valve leaflets attach to the annular region of the septal and mural myocardial walls. In data not shown here, we initially began studies to isolate VECs from dissected valvular regions using antibodyconjugated beads coated with anti-GFP and anti-CD31. While this approach was successful for isolating the endothelial cells, we experienced significant cell clumping from adjacent, non-endothelial cell types and therefore VICs and myocardial cells contaminated our experimental sample. This has been avoided using FACS analysis as parameters have been set to isolate only single cell suspensions and PCR analysis to detect expression of myocyte-specific genes has controlled for this limitation (Figure 3) . While our contamination can be deemed as minimal, it Using this protocol, we have successfully isolated VECs from embryonic and adult mice and provided examples of how this approach can be used for RNA isolation and cell culture of GFP positive and GFP negative cell populations. However, this approach is not limited to these applications and can be used for a plethora of molecular, cellular and functional approaches. In addition, the Tie2-GFP background can be bred with genetic mouse models that will allow for comparative studies of VEC populations in health and disease. The development of this novel methodology will, for the first time, allow for focused studies examining the contribution of VECs in valve development and maintenance and could reveal previously unappreciated mechanisms of endothelial-dependent valve disease.
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